Abstract-In this paper, we present the development of active liquid aspiration and dispensing units designed for vertical, as well as lateral, liquid aspiration. The devices are based on a single-use thermally expanding polydimethylsiloxane (PDMS) composite, which allows altering its surface topography by means of individually addressable integrated heaters. Devices are designed in order to create an enclosed cavity in the system, due to locally expanding the initially unstructured composite. This enables negative volume displacement and leads to the event of liquid aspiration. To enable this device functionality, two different techniques of selectively creating permanent PDMS bonds have been developed. One approach utilizes the plasma-assisted PDMS bonding technique, together with a patterned antistiction layer to form reversibly, as well as irreversibly, bonded regions. Another approach utilizes microcontact printing of PDMS curing agent, which serves as a patterned intermediate layer for adhesive bonding. Fabricated prototype devices successfully demonstrated the aspiration and release of liquid volumes ranging from 28 to 815 nL. The devices are entirely fabricated from low-cost materials, using wafer-level processes only and do not require external means for liquid actuation.
I. INTRODUCTION

M
ICROFLUIDIC systems are growing increasingly attractive for the field of micrototal analysis systems [1] , [2] and aim at miniaturized and integrated lab-on-a-chip applications toward drug screening, drug delivery, cellular assays, protein analysis, genomic analysis, and handheld point-of-care diagnostics [3] . Such systems potentially allow reducing the amount of applied chemicals, increase sensitivity and speed of analysis, offer portability, and reduce production costs through high volume production and batch fabrication.
In such microfluidic systems, various components, such as pumps, valves, and mixers, are integrated on a single microfluidic chip in order to manipulate liquids in a controlled manner. In early developments, materials well known from the conventional semiconductor industry, such as silicon and glass, were used [4] - [6] . However, the complexity of devices based on these materials and their associated fabrication techniques make integration into such systems difficult and costly. Ideally, such components are easy to integrate, straightforward to fabricate, easy to use, robust, free of dead volume, and cheap to duplicate. Therefore, polymer microfabricated devices based on new materials and actuation methods have gained increased attention from the MEMS society. The use of polymers is very attractive for a number of reasons. They are cheap compared to single-crystalline silicon and easy to process allowing various molding and embossing techniques to be used. Moreover, they offer the possibility to manipulate physical and chemical properties.
Several promising polymer-based actuation principles have recently been presented, addressing the aforementioned issues, which potentially promote the development of integrated microfluidic systems. They exploit a variety of both mechanical and chemical actuation principles, such as external pressure sources [7] , [8] , stimuli responsive polymers [9] - [11] , centrifugal forces on a rotating disk [12] , electrochemical gas generation through electrolysis [13] , [14] , decomposition of hydrogene peroxide [15] or azobis isobutyronitrile [16] , melting of paraffin [17] , thermal expansion of gas [18] , [19] , or expansion of a condensed gas encapsulated in chemically inert microspheres [20] .
Until now, the issue of introducing a liquid sample into a microfluidic chip in a convenient manner has often been neglected. The proposed actuation principles mostly focus on the dispensing of liquid volumes and not on their aspiration. This complicates the development of microfluidic systems that are capable of conducting the standard analytical procedures in an autonomous, accurate, reliable, and convenient manner. Therefore, the issue of introducing a liquid sample into a device and its subsequent transport, e.g., into a reaction compartment, must be addressed for the development of technically mature systems. Most presented approaches for liquid aspiration are based on the traditional MEMS materials and actuation principles, e.g., piezoactuators [21] - [23] , suffering from the before mentioned disadvantages. Moreover, they require the use of external equipment, such as stepper motors, controllers, and vacuum or syringe pumps.
Our group recently presented a thermally responsive polydimethylsiloxane (PDMS) composite and the development of single-use liquid handling components thereof. The composite consists of expandable microspheres incorporated into a PDMS matrix and facilitates the development of microfluidic valves [24] , pumps [25] , and fully integrated disposable biochips [26] . Due to the hydrophobic nature of PDMS-based microfluidic devices, the introduction of a liquid sample cannot be carried out using capillary filling. Instead of that, external vacuum pumps are often used for sample loading, which is time consuming and inapplicable for point-of-care applications.
In this paper, however, we demonstrate for the first time active liquid aspiration and release thereafter by means of locally altering the surface topography of an initially unstructured thermally expanding PDMS composite. This is accomplished via two novel PDMS bonding techniques which enable the formation of a permanent bond at designated regions on the PDMS chip. The applicability of the selective PDMS bonding techniques is shown by means of fabricating devices for controlled in-plane and out-of-plane liquid volume aspiration and release. The electrically controllable devices are easy to integrate into microfluidic networks, do not require external actuators for liquid control and are based on low-cost materials and waferlevel processes only. These devices are intended for use in applications in the medical or biological field. Although previous work has been presented, where biosamples have been manipulated effectively, it is not proven that the devices work reliably when manipulating samples containing protein or DNA molecules. Yet, the liquid handling concept potentially enables the development of autonomous systems for controlled and costeffective transdermal microfluidic applications, point-of-care diagnostics, disposable biochips, or lab-on-a-chip applications.
II. DESIGN ISSUES
The proposed novel liquid handling concept for liquid aspiration is based on a PDMS composite which expands upon heating and, thus, allows locally tailoring its surface topography to achieve a desired profile without previously patterning it. Liquid aspiration and release are achieved in vertical, as well as lateral, direction by patterning the composite accordingly to form an enclosed cavity in the system, i.e., inverse volume displacement. Precise spatial and temporal control of the composite expansion are achieved by means of lithographically defined integrated heaters. During device operation, the cover lid is being lifted upwards upon the event of aspiration and eventually a cavity is being created [ Fig. 1(a)/(b) ]. To enable this lifting procedure and accomplish cavity formation for both in-plane and out-of-plane liquid handling, several fabrication and design aspects have to be addressed.
First, an appropriate cover lid needs to be implemented. A lid made of only PDMS would be too flexible, due to its elastomeric nature, and would not allow adequate lifting during operation to form a cavity. Using glass as the cover material would restrict the wafer-level fabrication process of the devices. Instead, a reinforced cover lid is fabricated by attaching a 3M-polyester-film to a PDMS layer. This counteracts the low Young's modulus of PDMS giving additional stiffness to the cover lid, which enables its lifting during operation and retains its straightforward fabrication characteristics.
Second, to ensure device functionality, the reinforced cover lid and the bottom part of the device have to be bonded together in such a manner that there are reversibly, as well as irreversibly, bonded areas on the same wafer. To achieve an area where no bonding occurs, i.e., the area where a cavity is being created during device operation, formation of a permanent bond at these specific positions has to be prevented in order to avoid impairing the lifting of the cover lid. To be able to bond PDMS layers selectively to one another, we developed two different bonding processes which allow to bond PDMS structures selectively on full-wafer scale. One technique utilizes the widely used PDMS plasma bonding process, where a patterned antistiction layer is introduced to the PDMS surfaces prior to plasma exposure. This prevents areas from being oxidized during the plasma oxidation step. Here, we use Au as the material for the antistiction layer. Another approach utilizes a novel full-wafer adhesive bonding technique where PDMS curing agent is used as the intermediate layer for adhesive bonding. This technique has shown to create bonds as strong as, or even stronger than, the widely used plasma-assisted PDMS bonding technique [27] . To selectively bond PDMS by means of this technique, we utilize here a softlithographic approach of microcontact printing PDMS curing agent onto one of the PMDS surfaces. The transferred curing agent represents a patterned intermediate layer for adhesive bonding, which fulfills the bonding function at specific regions after curing.
To show the applicability of both bonding techniques, the Au antistiction layer is used for fabrication of out-of-plane devices, whereas the technique of microcontact printing of PDMS curing agent is used for fabrication of in-plane liquid handling devices. The response of the devices is highly dependent on the power input, composite thickness, amount of expandable microspheres in the composite layer, substrate material, and heater geometry. The size of the resulting cavity, and in turn the liquid volume which eventually is being aspirated, is determined by the dimensions of the unbonded area, the mixing ratio of the composite actuator, as well as the size of the integrated heaters.
III. VERTICAL ASPIRATION
A. Principle of Operation and Design
Integrated heaters are designed to consist of an outer heater ring and an inner heater structure [ Fig. 1(a) ]. The principle of operation for vertical aspiration and release is shown in Fig. 1 for two different actuation steps. The main characteristic of the composite actuator is to expand upon heat, and when adequate voltage is applied to the outer heater ring, the composite expands along this heater geometry, which results in lifting of the reinforced cover lid and, hence, formation of a cavity [ Fig. 1(b) ]. As a consequence of this inverse volume displacement, the cavity fills with liquid which is present at the access port. Addressing the inner heater of the device subsequently results in composite expansion into the cavity and release of the previously aspirated liquid volume, as shown in Fig. 1(c) .
B. Fabrication
The devices are straightforward to fabricate and entirely made of low-cost materials. All photolithographical fabrication steps use high-resolution transparencies as photomasks. The principal fabrication steps are shown in Fig. 2 . First, microheater patterns, featuring a ring heater and an inner heater structure, are lithographically defined on standard FR4 printed circuit boards (PCBs) to achieve localized heating of the composite actuator [ Fig. 2(a) ]. The composite is obtained by thor- oughly mixing PDMS base, curing agent (10:1), and expandable microspheres (XB) at a ratio of 300 mg/mL liquid PDMS prepolymer. A layer of the PDMS-XB composite is then spun on the patterned PCB at 400 r/min and cured at 65
• C. PDMS is supplied by Dow Corning (Sylgard 184 Silicone Elastomer Kit) and expandable microspheres by Expancel (Expancel 820DU).
During device operation, the cover lid is being lifted upwards upon the event of aspiration, and eventually, a cavity is created. To enable this lifting procedure, an appropriate cover lid is implemented by spinning liquid PDMS prepolymer on a sheet of Scotchpak 1022-release-liner 3.0 mil (3M) at 2000 r/min, counteracting the low Young's modulus of PDMS and reinforcing the cover lid [ Fig. 2(b) ].
Second, an antistiction pattern is introduced by sputtering Au in the nanometer range through a mechanical mask on both the cover lid and the stack of PCB/PDMS-XB [ Fig. 2(a)/(b) ]. The Au-pattern prevents the formation of a permanent bond at these designated positions by preventing the surface to be oxidized properly during the subsequent plasma oxidation step.
Finally, access holes are punched through the cover lid, which is then bonded to the previously fabricated stack of PCB/PDMS-XB by oxidizing both layers in oxygen plasma, aligning and bringing them into conformal contact [ Fig. 2(c) ]. At the positions where Au is present, no permanent bond is formed. This eventually allows the detachment of the cover lid from the PCB/PDMS-XB stack and the formation of a cavity during operation.
C. Experimental
For liquid displacement evaluation purposes, fluidic interconnects are integrated by locating flanged capillary tubing on top of the access holes. Syringe needles are inserted through these interconnects and the previously punched out access holes. The inserted needles form a mechanical seal toward the access holes and at the same time provide foothold for the interconnects when casting additional PDMS over the structures. Removal of the needles enables filling of the aspiration ports under vacuum with glycol-and ethanol-based colored dye (red) diluted in deionized water. Fig. 3 shows a cross-sectional view Capillary tubing was calibrated by means of a syringe pump prior to measurements and connected to the devices to conduct volume measurements. The advancing liquid meniscus inside the capillary tubing was used as the measure of displaced liquid. The displacement characteristics were evaluated by recording the experiment using a microscope and charge-coupled device (CCD) camera and, thereafter, conducting image analysis using Matlab software. a relative standard deviation of 23.6%. The dead liquid volume as well as the relatively high standard deviation, particularly for the smaller devices, might be related to the prototype nature of the devices. Possible sources that contribute to this error could be related to fabrication issues, such as quick alignment of the layers after plasma oxidation, use of nonoptimized inner heater structures or the manual assembly of fluidic interconnects.
IV. LATERAL ASPIRATION
A. Principle of Operation and Design
Similarly to the previous design, a cover lid is being lifted upwards upon the event of aspiration, and consequently, a cavity is created [ Fig. 6(a)/(b) ]. The approach of reinforcing the cover lid is applied in this design as well, but additionally contains an imprinted microchannel. The path of this integrated microchannel is interrupted at the location where the cavity is created during operation, constituting a barrier in the microchannel. This barrier is reversibly bonded to the bottom structure to enable out-of-plane movement. To form such a reversibly bonded barrier an adhesive PDMS bonding technique [27] is applied, which utilizes a soft-lithographic approach of microcontact printing PDMS curing agent to accurately achieve a patterned intermediate layer for adhesive bonding, defining bonded and unbonded areas in the system.
For active in-plane liquid aspiration through the microchannel inlet and subsequent liquid release through the microchannel outlet, integrated valves have to be adapted in order to change the state of the channel inlet and outlet from open to closed and vice versa. The heater design consists of integrated inlet and outlet valve heaters, outer heaters as well as an inner heater structure. The initial state of the device at the channel inlet is normally open, whereas the channel outlet is normally closed, prior to liquid aspiration. In case the channel outlet is open upon the event of liquid aspiration, the inverse volume displacement would be insufficient and, in turn, lead to incomplete filling of the cavity. This normally closed state of the channel outlet can be realized in two different ways.
One approach utilizes a supplementary barrier in the microchannel outlet, as shown in Fig. 6 . At this position, the interface to the PCB/PDMS-XB stack is bonded reversibly similar to the area where the cavity is created during operation. Such a design constitutes a normally closed valve that utilizes two microheaters positioned nearby the supplementary barrier along the microchannel acting as outlet heaters [ Fig. 6(a) ]. To induce liquid aspiration, adequate voltage is applied to the outer heaters, which makes the composite expand along this heater geometry resulting in lifting of the reinforced cover lid. As a consequence, this cavity fills with liquid which is present at the microchannel inlet [ Fig. 6(b) ]. Subsequently, addressing the inlet valve heater results in closing off the microchannel inlet [ Fig. 6(c) ]. To remove the supplementary barrier at the channel outlet, the two outlet heaters along the microchannel are triggered, which in turn leads to opening of the channel outlet by lifting the supplementary barrier [ Fig. 6(c) ]. Triggering the inner heater of the device results in composite expansion into the cavity and release of the previously aspirated liquid volume through the channel outlet, as shown in Fig. 6(d) .
Unlike the previous outlet valve, where the outlet heaters were placed along the microchannel, another approach utilizes a microheater placed perpendicularly across the microchannel outlet, which is similar to the inlet valve heater, as shown in Fig. 7 . Triggering this heater closes the outlet channel. As reported in [24] , closed microchannels using such valves can be reopened by applying pressure on one side. This breakthrough pressure is highly dependent on the total energy input. In this design, with two similar valves at the channel inlet and outlet, liquid flow can be directed by diversifying the energy contribution between the valve heaters. When triggering the inner heater structure subsequently, the generated pressure will reopen the one valve with the lower energy contribution, and liquid is released into this microchannel. To support the directional liquid transportation into a microchannel, the inner heater is designed as a decreasingly dense heater meander [26] .
B. Fabrication
The straightforward fabrication of devices is retained in this design, which involves low-cost materials only and highresolution transparencies as photomasks. Fig. 8 shows the principal fabrication steps. Microheater patterns featuring outer heaters, inner heater, and valve heater structures are lithographically defined on standard FR4 PCBs to achieve localized heating of the composite actuator [ Fig. 8(a) ]. The composite is obtained by thoroughly mixing PDMS base, curing agent (10:1), and expandable microspheres at a ratio of 200 mg/mL liquid PDMS prepolymer. A layer of the PDMS-XB composite is then spun on the patterned PCB at 400 r/min and cured at 65
• C for 4 h. Next, a reinforced cover lid with integrated microchannels imprinted in PDMS is fabricated through replica molding. A master is fabricated by spinning Shipley SJR 5740 photoresist on a silicon wafer at 800 r/min, to yield 20 μm high structures.
Subsequent heating to 200
• C makes the photoresist reflow, which results in structures that are curved at the edges. The curved edges ensure complete valve sealing during operation of the device. Liquid PDMS prepolymer is spun onto the master at 750 r/min, a sheet of Scotchpak-9742-release-liner 4.6 mil (3M) is placed on top, followed by a degassing step in vacuum and heat curing [ Fig. 8(b) ]. Adding the 3M sheet counteracts the low Young's modulus of PDMS, giving additional stiffness to the cover lid. This enables its lifting during operation [ Fig. 6(b) ], since a lid made of only PDMS would be too flexible and thus impede the lifting process during operation.
To bond together the cover lid and the previously fabricated stack of PCB/PDMS-XB, we utilize a selective PDMS adhesive bonding technique via microcontact printing of PDMS curing agent. To fabricate a PDMS stamp for microcontact printing, we use replica molding. A master is fabricated by spinning SU-8 2100 (Microchem) at 2000 r/min, and stamp regions are defined photolithographically. Liquid PDMS prepolymer is cast over the master, cured at 110
• C for 20 min and eventually peeled off [ Fig. 8(c) ]. PDMS curing agent, used as the intermediate layer for adhesive bonding, is spun on a substrate at 6000 r/min, as shown in Fig. 8(d) . Then, the fabricated PDMS stamp is pressed on the coated substrate, to pick up the curing agent, and placed on the previously fabricated stack of PCB/PDMS-XB. This renders areas of the PCB/PDMS-XB stack coated with curing agent, according to the "inked" stamp pattern. Prototypes of different sizes are fabricated by changing the dimensions of the PDMS stamps which are used for microcontact printing of PDMS curing agent as well as adapting the dimensions of the respective heaters. Finally, the cover lid is aligned and placed on the stack of PCB/PDMS-XB, as shown in Fig. 8(e) . A permanent bond is accomplished at the interface where curing agent is present by heat curing at 65
• C for 4 h [ Fig. 8(f) ].
C. Experimental
For liquid displacement evaluation purposes, the inlet channel is filled under vacuum with glycol-and ethanol-based colored dye (red) diluted in deionized water. Fig. 9(I) shows the initial structure after filling prior to device operation. The picture sequence [ Fig. 9(I) -(IV)] shows active in-plane liquid aspiration and subsequent release from the device. Applying adequate voltage to the outer heaters results in liquid aspiration through the channel inlet. Fig. 9(II) shows the generation of a cavity being filled with liquid which is present at the channel inlet. Subsequently, triggering the valve heaters leads to closing off and opening the inlet and outlet channel, respectively [ Fig. 9(III) ]. This enables liquid release of the earlier aspirated liquid volume through the channel outlet by triggering the inner heater of the device, as shown in Fig. 9(IV) . The heaters were driven at an average power of 700 mW for 8 and 4 s, respectively.
Volume measurements were conducted, using the advancing liquid meniscus inside the microchannel as the measure of displaced liquid. The displacement characteristics were evaluated by recording the experiment, using a microscope and CCD camera and thereafter conducting image analysis using Matlab software. Experiments on liquid aspiration and subsequent release were conducted on at least three devices of each size. operating units. This can be related to higher accuracy during the evaluation experiment as well as the adhesive bonding approach, which offers improved layer alignment during fabrication, influencing the final device performance. No values were obtained for liquid volume aspiration, since the experimental setup did not allow easy quantification.
V. DISCUSSION AND OUTLOOK Several possibilities are described in order to optimize device performance concerning power consumption, liquid handling accuracy, and thermal load on the manipulated liquid volume. Several design parameters are of interest when configuring aspiration units based on the composite actuator, such as heater design, substrate material, initial composite thickness, and the ratio of expandable microspheres. Particularly interesting, from a device performance point of view, are the design parameters concerning the integrated heaters. Performance issues of the devices can further be related to the selection of appropriate fabrication techniques and materials. The presented prototypes are based entirely on low-cost materials and processes, which has implications on the practically achievable resolution during fabrication. The layer thickness of standard PCBs and the limited resolution of the integrated heaters lead to rather highenergy consumption during operation. A straightforward way of improving the energy consumption could be by choosing another substrate material, such as COC or COP, with a thin metal heater patterned on top, at high resolution. Such highresolution heater structures would also increase the precision of the composite expansion.
When evaluating the techniques of bonding PDMS selectively to another, the use of microcontact printing PDMS curing agent is advantageous compared to the plasma-assisted bonding technique. Using adhesive bonding with PDMS curing agent allows proper alignment of the structures, since bond formation is initiated upon heat. When using plasma bonding instead, technical skill is required to align two surfaces and bring them into contact after oxidation, since the oxidized PDMS surface reconfigures quickly in air. Furthermore, this approach potentially allows the functionalized immobilization of biomolecules inside the devices and prevents cross-contamination prior to device usage, since the fluidic pathway can be generated on demand. This is attractive for applications in the medical field.
From an environmental stability point of view, the presented devices can be compared to other PDMS-based applications and studies recently presented in literature [7] , [8] , [28] .
The thermal load on the liquid is an issue that needs to be addressed when using active biosamples. Increased temperature could possibly lead to, e.g., cell lysis, protein degradation, or nucleic acid denaturation. The temperature range, in which a sample can be manipulated without negative effects, must be considered for each specific application. From that, a selection of design parameters and microfluidic components can be made for a potential biochip. The presented liquid aspiration concept offers to manipulate samples that allow temperature fluctuations. However, if a specific application requires a stable temperature of, e.g., 37
• C, the use of on-chip buffer liquids is suggested and/or the devices need to be optimized accordingly. [25] , [26] . The heater structures in the present design are situated adjacent to the fluidic pathway rather than directly beneath it. A potential design, where a microchannel can be created on demand, is shown in Fig. 11 , and consists of an array of heaters. By triggering the first set of heaters prior to the application of liquid at the inlet port, an airplug can be aspirated for increased thermal isolation, followed by the aspiration of liquid. Furthermore, such a design can also be used for the bubble-free priming of a microchannel, due to the consecutively actuated heaters.
VI. CONCLUSION
For the first time, we have shown active liquid aspiration units for effective liquid aspiration and release, which can be fabricated to operate in vertical as well as lateral direction. The devices are based on a single-use thermally expanding PDMS composite and feature a reinforced PDMS cover lid as well as selectively bonded PDMS areas to ensure device functionality. Two different approaches have successfully been applied to achieve such selective PDMS bonding on wafer-level scale, utilizing plasma-assisted PDMS bonding with an integrated antistiction layer and microcontact printing of PDMS curing agent.
Actively controlled vertical, as well as lateral, liquid aspiration and release has been demonstrated effectively to handle liquid volumes ranging from 28 to 815 nL. The presented concept does not require external means for liquid actuation, it allows wafer-level fabrication and uses low-cost materials only. It potentially enables controlled and cost-effective transdermal microfluidic applications, point-of-care diagnostics, disposable biochips, or lab-on-a-chip applications.
